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We report the use of a low concentration polymer network to stabilize electric field-induced diffraction gratings in cholesteric liquid crystals. The stabilized gratings can be electrically switched between a zero-field ''on'' state, which exhibits approximately 75% diffraction efficiency, and a moderate field ͑typically 3 V/m͒ ''off'' state. Grating spacings between 1.7 and 30 m are obtained in a 10 m thick cell by variation of the concentration of chiral dopant used to form the cholesteric liquid crystal. © 1998 American Institute of Physics. ͓S0003-6951͑98͒02308-0͔
The use of low concentration polymer networks to stabilize and modify liquid crystal ͑LC͒ structure for electrooptical displays has recently become widespread.
1,2 These networks provide an ''internal'' surface which anchors liquid crystalline order in the bulk, and confers such useful properties as bistability, resistance to shock, and tunable switching bias. Because they are present at low concentration ͑typically 1-5 wt %͒, the networks do not seriously alter the morphology of the system, and hence can potentially be effective in a wide variety of ordered liquid crystalline phases. Here we report on the novel use of polymer networks to stabilize diffraction gratings using the helically twisted optical axis of a cholesteric liquid crystal as a template. Very recently, Subacious et al. 3 have described the formation of such gratings in a pure cholesteric by application of an electric field parallel to the helical axis of a planar-aligned sample. Our results demonstrate that these gratings can be stabilized for use in the absence of an applied field, that their period can be tuned from 30 to 1.7 m by variation of chiral dopant concentration in a cell of fixed 10 m thickness, and that the gratings can be switched between a zero-field ''on'' state and a moderate field ͑typically 3 V/m͒ ''off'' state. The presence of the polymer network produces two additional advantages: first, the network modifies the optical switching properties in a potentially tunable fashion-e.g., the coupled LCnetwork dynamics in a semi-confined geometry leads to a fast relaxational process (ϳ1.2 ms) in addition to a slow component (ϳ180 ms)-and second, the diffraction efficiency is significantly greater than reported for the pure liquid crystal. 3 Our approach is an interesting alternative to stabilized gratings produced by holographic recording in a polymer-dispersed nematic LC. 4 Both types of gratings would, however, have a similar range of potential applications in the development of optical interconnects, data storage devices, and holography. Polymer-stabilized cholesteric liquid crystals were prepared from homogeneous mixtures of the commercial nematic liquid crystal E48 ͑Merck͒, the commercial chiral dopant R-1011 ͑Merck͒, the reactive diacrylate monomers 4,4Ј-bis͓6-͑acryloyloxy͒hexyloxy͔-1,1Ј-biphenylene ͑BAB-6͒, and the photoinitiator benzil ketal ͑Irgacure 651, Ciba Additive Corporation͒. We also prepared a mixture with the BAB-6 replaced by RM-257 ͑Merck͒. The materials were combined in the following weight percentages: 94.6-92.8 E48, 0.2-2.0 R-1011, 5.0 monomer, and 0.2 photoinitiator. The mixtures were loaded in the isotropic phase into commercial display cells ͑10 m thickness in all cases͒, whose inside surfaces were treated with an indium tin oxide conducting layer and a rubbed polyimide film for homogeneous ͑planar͒ alignment of the liquid crystal. In the nematic phase at 25°C, the cholesteric helix was oriented perpendicular to the substrates, as expected for planar surface anchoring conditions. When an applied electric field exceeded a threshold value ͑typically 0.4 V/m͒, the helical axis was observed to reorient parallel to the substrates and perpendicular to the rubbing direction, yielding a periodic variation of the dielectric tensor ͑or grating structure͒ in the plane of the substrates. 3 The grating was then stabilized by photopolymerizing the monomer with 5 min exposure to the ultraviolet radiation from a metal halide lamp in the presence of the electric field. After photopolymerization, no change in the grating structure was observed upon removal of the field over 15 weeks monitored to date. Figure 1͑a͒ is an optical micrograph of a grating obtained in a 94.4/0.4/5.0 wt% E48/R-1011/BAB-6 mixture, prior to photopolymerization. The applied electric field is 0.5 V/m, and the structure is viewed between crossed polarizers. For the 0.4 wt % dopant concentration, the grating spacing is about 10 m ͑i.e., comparable to the cell thickness͒. Figure 1͑b͒ shows the grating after formation of the stabilizing polymer network and removal of the field. The grating structure is remarkably uniform and the spacing is unchanged in the two cases, although after polymerization one does observe a more heterogeneous texture in the grating planes. For the sample shown, we estimate the defect density ͑dislocations in the grating structure͒ at about 10 per mm 2 .
The optical diffraction pattern after stabilization ͑observed with a focused, normally incident laser beam͒ is dominated by two strong first order spots, but many higher orders with a complicated intensity distribution are present, suggesting that the optical profile is determined by a combination of a distorted cholesteric helix and a spatial variation in the dielectric properties of the network itself. No evidence of variation in the grating profile through the sample bulk was observed.
To characterize the bare network, we attempted to evacuate the liquid crystal from the stabilized sample by soaking the cell in a hexane/dichloromethane mixture ͑70:30 v/v͒ at 25°C for 4 days. This procedure produced mixed results in samples stabilized with BAB-6: optical microscopy revealed fragmented polymer domains, indicating partial clumping and collapse of the network after dissolving out the liquid crystal. More consistent results were obtained using the mesogenic monomer RM-257 at 5 wt %, which, for 0.4 wt % chiral dopant, produces a stabilized grating of characteristics very similar to Fig. 1͑b͒ . Figure 1͑c͒ shows a micrograph of the bare RM-257 network placed between parallel polarizers. The regular pattern of light and dark regions clearly indicates a periodic structure embedded in the polymer network; whether this texture reflects a variation in network orientation, partial phase separation along the grating axis, or a combination of both is not yet clear.
A considerable range of grating spacing was obtained by variation of the chiral dopant concentration in a cell of fixed thickness. Figure 2 reveals that spacings between 1.7 and 30 m are achievable in a 10 m cell for dopant concentrations between 0.2 and 2.0 wt %. The procedure for stabilizing the gratings is exactly the same as described above, although for shorter spacings higher applied fields are necessary to reorient the cholesteric helix parallel to the substrate surfaces.
Because of the planar surface anchoring conditions, one expects that at a sufficiently low ͑but finite͒ dopant concentration, a uniform director orientation gives the lowest bulk free energy. Indeed, for dopant concentrations below about 1 wt %, no grating structure was observed. On the other hand, a lower bound on the grating spacing is imposed by the finite twisting power of the pure dopant. Moreover, when the pitch is much shorter than the cell thickness, a sharp increase in the number of defects in the helical structure is expected. 6 We observed this clearly in the 2.0 wt % sample. Combining these observations, we may describe the dependence of the grating spacing ͑or cholesteric pitch P) on the dopant concentration C by:
7 PϪ P 0 ϭ P ϱ /(CϪC ϱ ). Here P 0 is a lower bound for the pitch, and C ϱ is the concentration below which the director orientation is uniform ͑i.e., infinite pitch͒. The solid line in Fig. 2 is a fit to this equation of the data for the inverse pitch versus dopant concentration. The fit gives C ϱ ϭ0.10 wt % ͑in good agreement with the observed lower limit for grating formation͒, P 0 ϭ0.14 m, and P ϱ ϭ2.9 m wt %. The calculated twisting power ͑in terms of weight fraction͒, 100/ P ϱ ϭ34 m
Ϫ1
, is in excellent agreement with measured values of 30-37 m Ϫ1 for R-1011 doped into similar commercial nematic hosts. 8 We have also investigated the dynamic response of a grating formed from a 94.6/0.2/5 wt % mixture of E48/R-1011/BAB-6 and exposed to a square wave electric field, switched between 0 and 3 V/m. In a sufficiently high applied field, all the LC molecules are predominantly oriented perpendicular to the substrates ͑homeotropic alignment͒: the optical contrast across the sample is sharply reduced, and the grating is switched ''off.'' Figure 3 shows an oscilloscope recording of the intensity of the undiffracted ͑zero-order͒ component of a helium-neon laser beam normally incident on the grating. For the data in the top two panels, the incident beam is polarized perpendicular to the grating direction ͑or parallel to the grating planes͒. No analyzer is used. The trace labeled ''1'' is the signal recorded from a silicon photodetector ͑10 MHz bandwidth͒ operated in photovoltaic   FIG. 1 . ͑a͒ Optical micrograph of the electric field-induced grating structure in a cholesteric liquid crystal formed from a mixture of E48 with 0.4 wt % R-1011 and 5 wt % BAB-6. The sample (thicknessϭ10 m) is viewed between crossed polarizers, as indicated. The grating axis is perpendicular to the substrate rubbing direction ͑vertical direction in the figure͒, and the applied field is 0.5 V/m. ͑b͒ The grating in ͑a͒ after photopolymerization and removal of the field. ͑c͒ The bare polymer network for the same E48/ R-1011 mixture in ͑a͒ and 5 wt % mesogenic monomer RM-257, after solvent evacuation of the liquid crystal. The view is through parallel polarizers, and indicates a periodic variation in network orientation, density, or both.
FIG. 2.
Inverse period vs chiral dopant concentration for stabilized gratings obtained in the E48/R-1011/BAB-6 system with fixed 10 m sample thickness. The solid line is a fit to the expression PϪ P 0 ϭ P ϱ /(CϪC ϱ ), where P is the grating period and C the concentration of R-1011.
mode, and the arrow corresponds to zero forward transmission ͑100% diffraction efficiency͒. The forward transmission is a minimum ͑i.e., the grating is ''on''͒ in zero field, and reaches a maximum when the field is switched on, corresponding to the ''off'' state of the grating.
The top panels of Fig. 3 show that the grating efficiency ͑total intensity in all orders divided by the zero-order intensity in the ''off'' state͒ is approximately 75%, and that the relaxation from grating ''off'' to ''on'' states after the field is removed contains a fast ͑ϳ1.2 ms 1/e decay time͒ and a slow (ϳ180 ms) component. These results compare with a 30% efficiency and a single component decay ͑ϳ15 1/e ms decay time͒ reported for a grating formed from a pure cholesteric LC. 3 We also note that the fast decay in Fig. 3 accounts for about 60% of the forward intensity difference between ''on'' and ''off'' states. The bottom panel of Fig. 3 shows the electro-optical response for an incident beam polarized 9°off the grating planes. In this geometry, the slow component of the relaxation is absent, and the grating switches between two states with a ϳ1.2 ms relaxation time and 60% efficiency. In all cases, the switch ''off'' time of the grating is much shorter than the switch ''on'' time, because the dynamics of the former are driven by the presence of the applied field. Finally, in the ''off'' state, a comparatively weak residual diffraction pattern was observed. This could occur if the grating structure is in part defined by a variation in the network concentration. Then, the anchoring of the LC to the helical orientation embedded in the network could be relatively strong in network-rich domains, preventing saturation of homeotropic alignment by the applied field.
The various features of the electro-optical response can be qualitatively explained by considering the network and LC as a coupled dynamical system and assuming, as suggested above, that the optical properties of the grating are determined in part by partial phase separation of the LC and network components. We may then attribute the fast component of the response to reorientation of the LC in networkrich domains, where the confining effect of the network and, consequently, the anchoring of the LC to the helical ''on'' state are strong. The slow component can be attributed to the motion of the network itself in network-poor domains, where the anchoring effect of the network is weaker, and reorientation of the LC ''drags'' the network. The absence of this component when the incident beam is polarized slightly off the grating direction evidently indicates that slow relaxation of the network does not appreciably alter the optical contrast of the grating for this polarization state.
To conclude, we have demonstrated that a low concentration polymer network effectively captures electric fieldinduced diffraction gratings in a cholesteric liquid crystal and stabilizes them against removal of the field. The network also provides a potentially useful and systematic means by which to tune the optical profile and electro-optical switching properties of the grating. FIG. 3 . Oscilloscope traces of the electro-optical response of a stabilized grating formed from a 94.6/0.2/5 wt % mixture of E48/R-1011/BAB-6. Traces labeled ''2'' are an applied square-wave electric field switched between 0 and 3 V/m. Traces labeled ''1'' are the intensity of a laser beam transmitted in the forward direction through the sample ͑zero-order diffraction͒. The top two panels reveal fast and slow components to the relaxation from grating ''off'' to ''on'' states in zero field. The incident beam is polarized parallel to the grating planes; no analyzer is used. The bottom panel shows the response for the incident beam polarized 9°off the grating planes; in this case, the slow component of the relaxation is absent.
